Several lines of evidence point to a role for noncoding RNA in transcriptional repression by Polycomb group (PcG) proteins, but the precise mechanism remains unclear. Here we show that human MOV10, a putative RNA helicase previously implicated in post-transcriptional gene silencing, co-purifies and interacts with components of Polycomb-repressive complex 1 (PRC1) from human cells. Endogenous human MOV10 is mostly nuclear, and a proportion associates with chromatin in an RNA-dependent manner. Small hairpin RNA (shRNA)-mediated knockdown of MOV10 in human fibroblasts leads to the upregulation of the INK4a tumor suppressor, a known target of PcG-mediated repression, accompanied by the dissociation of PRC1 proteins from the locus and a reduction in trimethylation of histone H3 on Lys27 (H3K27me3). As well as prompting reassessment of MOV10's role in other settings, our findings suggest that it is directly involved in transcriptional silencing by PcG complexes.
a r t i c l e s
The Polycomb group (PcG) genes were initially identified in Drosophila melanogaster as regulators of gene-expression patterns during development 1 . The encoded proteins participate in two types of multimeric complex, termed Polycomb repressive complexes 1 (PRC1) and 2 (PRC2), that inhibit transcription by specifically modifying nucleosomal histones 2, 3 . The PRC2 complex, which comprises E(z), Su(z)12 and Esc, is responsible for trimethylation of histone H3 on Lys27 (H3K27me3). This mark is recognized by the PRC1 complex, which catalyzes monoubiquitination of histone H2A on Lys119 (H2AK119ub). As the four proteins that form the core of the Drosophila PRC1 complex, Polycomb (Pc), Posterior sex combs (Psc), Polyhomeotic (Ph) and Sex combs extra (Sce), each have several orthologs in mammals 4, 5 , there can be multiple permutations of the PRC1 complex within a single cell 6 . The reasons for this expansion remain unclear, as does the mechanism for establishing locus specificity. In Drosophila, PcG proteins are recruited to target loci by specific DNA sequence elements termed Polycomb response elements 2, 7 , but it has proved difficult to find equivalent elements in mammalian cells 8 .
One possibility, for which there is considerable support, is that PcG complexes are recruited to specific regions of chromatin by noncoding RNAs (ncRNAs) 9, 10 . Examples include the silencing of imprinted genes by ncRNAs, such as Xist/RPA and Kncnq, which are responsible for the recruitment of PcG complexes and their trademark modifications to the silenced allele 11, 12 . On a more global scale, it was recently shown that at least 20% of the several thousand 'long' ncRNAs expressed in mammalian cells may be bound by PRC2 proteins 13, 14 . Moreover, downregulation of specific ncRNAs can affect the expression of PRC2 target genes.
An implication of these recent findings is that long ncRNAs, such as HOTAIR and TUG1, can act in trans to control distant genes 13, 14 . This contrasts with the situation in the Drosophila bithorax complex, where intergenic transcription through polycomb response elements is viewed as having cis-acting effects on adjacent genes or as contributing to long-range effects on higher-order chromatin structure [15] [16] [17] [18] . There are also a number of experimental systems in which small interfering RNAs directed against promoters or transcriptional start sites result in transcriptional repression linked to recruitment of PRC2 proteins and H3K27 methylation, but the physiological relevance of these systems remains uncertain [19] [20] [21] .
Several large-scale studies aimed at identifying the physiological targets of PcG complexes and H3K27 methylation have pointed to a key role in the maintenance of pluripotency [22] [23] [24] [25] . In addition to HOX genes and other transcription factors, one of the critical targets of PcG-mediated repression is the CDKN2A tumor suppressor locus. The locus, commonly referred to as INK4a/ARF, encodes two unrelated proteins, p16 INK4a and p14 ARF , that can block cell proliferation by activating the retinoblastoma protein (pRb) and p53, respectively 5, 26 . These proteins contribute to cellintrinsic defenses against oncogenic insults or cellular stress that, depending on context, engage either apoptosis or the state of permanent growth arrest referred to as senescence 27 .
Compelling evidence for the importance of PcG proteins in the regulation of INK4a/ARF and stem-cell self renewal came from studies on Bmi1-null mice 28 . These mice sustain hematological and neurological defects that are rescued by concomitant ablation of Ink4a/Arf (reviewed in refs. 5, 26) . Knockouts of several other PcG genes also result in premature senescence due to derepression a r t i c l e s of Ink4a/Arf, whereas overexpression of Cbx7, Cbx8 and Bmi1 can extend cellular lifespan by repressing Ink4a/Arf [29] [30] [31] [32] .
In our efforts to delineate the PRC1 complexes that regulate INK4a in human cells, we affinity-purified the Pc homolog Cbx7 and identified the co-purifying proteins by MS. In addition to known PcG proteins, which have been described elsewhere 6 , we found a number of non-PcG proteins, including the putative RNA helicase MOV10 (ref. 33) . MOV10 is the mammalian homolog of Armitage in Drosophila and SDE1 in Arabidopsis thaliana and has been implicated in post-transcriptional gene silencing in these systems [34] [35] [36] . It was also shown to co-purify with components of the mammalian RNA-induced silencing complex (RISC) and to localize in P bodies when overexpressed [37] [38] [39] . Here we show that, in human cells, most of the endogenous MOV10 is present in the nucleus, with a substantial proportion bound to chromatin. It associates with CBX7 and other PRC1 components but not with PRC2 proteins and can be detected on the INK4a locus by chromatin immunoprecipitation (ChIP). Furthermore, shRNA-mediated knockdown of MOV10 results in upregulation of p16 INK4a accompanied by displacement of PcG proteins and the H3K27me3 mark. To our knowledge, this is the first example of an RNA helicase-like protein implicated in PcG-mediated gene silencing.
RESULTS

Association of MOV10 with CBX7
To identify proteins that associate with the Pc homolog CBX7, we constructed an expression vector for mouse Cbx7 carrying the classical tandem affinity purification (TAP) tag at its C terminus 40 . When expressed in primary human fibroblasts, this construct was able to suppress endogenous p16 INK4a expression and extend the replicative lifespan of the cells, confirming that the tagged protein is capable of functional interactions ( Supplementary Fig. 1a,b) . We then generated transiently and stably transfected populations of HEK 293T cells expressing mCbx7-TAP. After tandem affinity purification, we fractionated the complexes by SDS-PAGE, stained them with colloidal Coomassie blue and identified selected bands by MS (Supplementary Fig. 1c) .
In addition to known PcG proteins, which we described elsewhere 6 , the complexes contained several other proteins that consistently co-purify with PRC1 complexes, such as casein kinase 2 (CK2), WDR68 and others 30, 41 . Notably, a prominent band of around 110 kDa contained peptides from the putative RNA helicase MOV10 (ref. 33) . DE(X)D-box helicases are considered to be common contaminants of affinity-purified complexes in the so-called Sepharose bead proteome 42 . However, there are situations where RNA-binding proteins and helicases are expected to be present in the purified complexes, as in previous sightings of MOV10 (refs. 37,38,43) . MOV10 was the only helicase that we detected in the mCbx7 complex, and it was identified in independent preparations from the transiently and stably transfected cells.
To assess whether MOV10 is a bona fide interacting protein, we performed a pulldown assay using bacterially expressed GST-mCbx7 and in vitro-translated MOV10. MOV10 efficiently bound GST-mCbx7 but not GST alone (Supplementary Fig. 1d ). We also generated rabbit antisera against a MOV10-specific peptide and commissioned a phage display screen (HuCAL, AbD Serotec) to isolate a recombinant human antibody against the same immunogenic peptide. The bivalent antibody incorporates Flag and hexahistidine epitopes that can be used in conjunction with Flag antibody-coated or nickel beads, respectively. Validation of the antibodies is described in Supplementary Figure 2 . Notably, these reagents enabled us to detect endogenous MOV10 in a wide variety of human cells (Supplementary Fig. 2d ) and to confirm that endogenous MOV10 co-precipitated with ectopically expressed Flag-tagged CBX7 in 293T cells (Fig. 1a) . Note that the rabbit antiserum detects a doublet, the upper band of which represents authentic MOV10, as judged by shRNA-mediated knockdown (Supplementary Fig. 2b ) and peptide competition ( Supplementary  Fig. 2c ). Using the recombinant antibody, we were further able to show co-precipitation of endogenous MOV10 and endogenous CBX7 in 293T cells (Fig. 1b) .
As CBX7 has been shown to bind RNA 44 , and as MOV10 is a putative RNA helicase, we considered the possibility that the interaction between the two proteins might be RNA dependent. Intrigued by finding a peptide signature of the RNA-binding protein IMP1 (also known as CRD-BP or ZBP1 (ref. 45) ) in one of the preparations of the mCbx7 complex (Supplementary Fig. 1c) , we included this protein as a control. The association between Flag-tagged mCbx7 and endogenous MOV10 was unaffected by treatment of the lysate with RNAse A (Fig. 1c) . In contrast, the association between Flagtagged mCbx7 and endogenous IMP1 was completely ablated by treatment with RNase. Similarly, although endogenous MOV10 could be co-precipitated with Flag-tagged IMP1, this interaction was dependent on RNA.
Association of MOV10 with chromatin
Much of the existing literature on MOV10 views it as a cytoplasmic protein that associates with the RISC complex [37] [38] [39] 46 . When ectopically expressed, epitope-tagged MOV10 accumulates in P bodies 38, 39 . An interaction with PRC1 complexes would therefore seem incongruous unless a substantial fraction of the cellular MOV10 is present in the nucleus or a substantial fraction of CBX7 is localized in the cytoplasm. A simple cell-fractionation experiment revealed that, in 293T cells, the endogenous MOV10 is predominantly nuclear (Fig. 2a) . 
a r t i c l e s
We used TFIID and GAPDH as controls for nuclear and cytoplasmic proteins, respectively. A similar fractionation experiment with ectopically expressed Flag-MOV10 showed a higher proportion in the cytoplasm (Fig. 2b) , suggesting that overexpression might distort the intracellular localization.
As a more stringent test, we applied a commonly used fractionation protocol 47 to prepare cytoplasmic (S1), nucleoplasmic (S2 and S3) and chromatin-bound (P3) proteins from either 293T cells or primary human fibroblasts. Under these conditions, most of the endogenous MOV10 was again detected in the nuclear fractions, including a substantial amount in the chromatin pellet ( Fig. 2c and Supplementary Fig. 3a) . In this regard, MOV10 showed a similar distribution to those of CBX7 and TFIID, albeit with a somewhat lower proportion in chromatin. Transducing the cells with either of two shRNAs against MOV10 reduced the total amounts of the protein and depleted the chromatin-bound pool, confirming that the band detected on the immunoblots was authentic MOV10. These findings suggest that, although MOV10 is indeed present in chromatin, it might be less tightly associated than, for example, CBX7 and TFIID. Extracting the purified nuclei with increasing salt concentrations confirmed this suspicion: MOV10 was released from the chromatin pellet by 200 mM NaCl, whereas CBX7 and TFIID were only released at higher salt concentrations (Fig. 2d) . All three proteins were released by DNAse (data not shown). Notably, treatment of chromatin with RNAse A released most of the MOV10 and a substantial proportion of the CBX7 into the soluble fraction, whereas histone H3 was unaffected (Fig. 2e) . In contrast, MOV10 was not released by treating the chromatin with RNase H, whereas CBX7 was clearly mobilized. This suggests that the association of MOV10 with chromatin is more likely to involve single-or double-stranded RNA rather than the formation of an RNA-DNA hybrid.
We also identified a commercially available antibody (validated in Supplementary Fig. 2c ) that was able to detect endogenous MOV10 by immunofluorescence. The staining is predominantly but not exclusively nuclear (Fig. 2f) , in line with the idea that MOV10 might have multiple functions within the cell. We observed a similar distribution in two independent strains of human fibroblasts, FDF and the p16 INK4a -deficient Leiden strain 48 . Thus far, we have been unable to visualize the low levels of endogenous CBX7 in these cells.
Interaction between MOV10 and other PRC1 components
We next asked whether MOV10 can associate with other Pc homologs or components of the PRC1 complex, focusing initially on proteins that have been shown to regulate the human INK4a locus 6, 30 . For example, when we transiently expressed Flag-tagged versions of human CBX7 and CBX8 in 293T cells, endogenous MOV10 clearly co-precipitated with both proteins, using a Flag antibody (Fig. 3a) . Similarly, hemagluttinin (HA)-tagged MOV10 was shown to co-precipitate with Flag-tagged BMI1 and MEL18 when the proteins were transiently co-expressed (Fig. 3b) . Notably, using the recombinant antibody to precipitate the endogenous MOV10 in 293T cells, it was possible to show co-precipitation of endogenous MEL18, BMI1, CBX8, CBX7 and RING2, but there was no discernible interaction with TFIID (Fig. 3c) . These interactions appeared to be insensitive to treatment with RNAse A (Supplementary Fig. 3b) . In a side-by-side comparison of the five Pc homologs, ectopically expressed using the same vector and epitope tag, it appeared that MOV10 bound CBX7 preferentially and CBX6 and CBX8 to a lesser extent ( Supplementary Fig. 4) .
The association of MOV10 with multiple PRC1 components suggests that it might represent an ancillary protein for the core PRC1 complex. To assess this possibility, we subjected nuclear extracts from either 293T cells or primary fibroblasts to size-exclusion chromatography on a Superose 6 column. We analyzed individual fractions by SDS-PAGE and immunoblotted them with antibodies against MOV10 and a panel of PcG proteins. Authentic MOV10, represented by the upper band of the doublet, eluted in a wide range of size fractions, including a substantial proportion in the void volume (Supplementary Fig. 5a ). The apparent 'peak' at ~600 kDa corresponds to the background band, and the distribution was not affected by pretreatment with RNase (data not shown). Unexpectedly, the two Pc homologs, CBX8 and CBX7, showed distinctive elution profiles. We have recently shown that these proteins participate in at least four permutations of the PRC1 complex and that their association with the INK4a locus is interdependent 6 .
Although there was no obvious concordance between the elution of MOV10 and its proposed partners, immunoprecipitation of selected fractions with the recombinant MOV10 antibody or beads alone confirmed an association with CBX7 and CBX8 (Supplementary Fig. 5b ). CBX8 co-precipitated with MOV10 in a relatively broad size range (fractions 21-30) with a peak at ~800 kDa. In contrast, CBX7 co-precipitated with MOV10 from fractions 27-32, with a peak at ~500 kDa. A more detailed analysis a r t i c l e s of endogenous and purified complexes will be required to determine whether MOV10 associates with typical PRC1 core complexes or is part of a specialized subcomplex.
Involvement of MOV10 in the regulation of INK4a
As CBX7, CBX8, BMI1 and MEL18 are all implicated in the transcriptional repression of INK4a 6 , it was important to determine whether MOV10 is also involved. Infection of primary human diploid fibroblasts (HDFs) with lentiviral vectors encoding MOV10 shRNAs caused a substantial reduction in MOV10 expression, as shown by immunoblotting for the endogenous protein. Notably, both shRNAs also caused upregulation of p16 INK4a at the protein and RNA levels (Fig. 4a,b) . The effects were comparable to those achieved by knockdown of CBX7, and we obtained equivalent results in different strains of HDF (Supplementary Fig. 6 ). There were no appreciable effects on ARF expression, in line with previous indications that PRC1 complexes have little if any influence on human ARF 6, 49 . As noted for the knockdown of PRC1 components, the cells transduced with MOV10 shRNA acquired the characteristics of senescence (Fig. 4c) . In contrast, when we performed a similar experiment in the Leiden strain of p16 INK4a -deficient fibroblasts 48 , their proliferation was unaffected by knockdown of MOV10, using either sh2 or an independent shRNA (sh4) cloned in the pRetroSuper vector ( Supplementary  Fig. 7) . These results suggest that the arrest is at least partly dependent on p16 INK4a . Conversely, as there was no discernible increase in either p53 or p21 CIP1 levels in the cells transduced with MOV10 shRNA (Fig. 4d) , it seems unlikely that the arrest reflects the reported interplay between the Drosophila armitage gene and the ATR/CHK2 DNA-damage pathway 50 .
To investigate whether the effects of MOV10 are direct or indirect, we determined conditions in which the recombinant antibody could be used for ChIP using the Flag epitope engineered into the antibody backbone. We interrogated the precipitated DNA with primer pairs specific for the INK4a/ARF locus as previously described 6, 49 . The signal obtained with the MOV10 antibody was consistently higher than the Flag-only control, and we confirmed specificity by the fact that knockdown of MOV10 with shRNA reduced the ChIP signal with each primer set (Fig. 5a) . Curiously, the enrichment extended to primer set PS2, which represents the first exon of ARF. Most studies have concluded that ARF is not subject to PcG-mediated repression in human fibroblasts, and knockdown of MOV10 has no discernible effect on ARF expression (Fig. 4) .
Notably, knockdown of MOV10 reduced the recruitment of CBX7 and CBX8 to the endogenous INK4a locus. Both of the shRNAs against MOV10 caused a reduction in the ChIP signal for CBX7 and CBX8 on the INK4a locus, particularly with the primer sets PS7 and PS8 (Fig. 5b,c) . The effects were less marked with PS6 and were negligible on the ARF promoter (PS2). Loss of Pc binding was accompanied by a substantial reduction in H3K27me3 at the INK4a locus (Fig. 5d) . Note, however, that MOV10 knockdown had no effect on the interaction between PRC1 components, as judged by the co-immunoprecipitation of RING2, CBX7 and CBX8 with BMI1 (Supplementary Fig. 8) .
We next asked whether knockdown of MOV10 affected the ability of mCbx7 to repress INK4a. Primary fibroblasts (FDF cells) expressing a control shRNA or an shRNA against MOV10 were superinfected with retroviruses expressing either GFP or mCbx7. The presence of MOV10 shRNA resulted in substantially higher levels (Fig. 5e) . Notably, mCbx7 caused a reduction in INK4a RNA levels in the cells expressing the control shRNA but not in cells containing MOV10 shRNA.
Lack of interaction between MOV10 and PRC2 complexes
Most previous reports on the role of ncRNA in PcG-mediated repression focus on PRC2 complexes and the notion that the RNA contributes to both the recruitment of PRC2 and the establishment of the H3K27me3 repressive mark. It was therefore pertinent to ask whether MOV10 was likely to contribute to these events by determining whether it associates with ectopically expressed PRC2 components. Adopting the same strategy as that used for the PRC1 proteins, we transiently transfected 293T cells with Flag-tagged versions of EZH2, SUZ12 and EED, the core components of the human PRC2 complex, and asked whether endogenous MOV10 could be co-precipitated with the Flag antibody. We used the OCT3/4 transcription factor as a control for an unrelated, chromatin-associated protein.
Under conditions in which the association between mCbx7 and endogenous MOV10 was readily detected, we saw no evidence for co-precipitation of MOV10 with any of the PRC2 proteins (Fig. 6a) .
Immunoblotting for SUZ12 confirmed that the PRC2 proteins co-precipitate in this setting. We also asked whether MOV10 might be functionally involved in PRC2-related events. It was recently reported that, in primary human fibroblasts, a long ncRNA transcribed from the HOXC locus, designated HOTAIR, can act in trans to repress transcription of the HOXD locus by recruitment of PRC2 complexes 13 . However, in cells in which shRNA-mediated knockdown of MOV10 caused upregulation of INK4a, there was no discernible effect on three of the known HOTAIR target genes within the HOXD cluster (Fig. 6b) .
DISCUSSION
As virtually all facets of RNA biology require the action of a helicase, the identification of MOV10 within a human Polycomb complex has important implications for the proposed role of RNA in PcG-mediated gene silencing. Notably, we find that MOV10, a putative helicase previously implicated in post-transcriptional gene silencing, interacts with components of PRC1 but not PRC2 complexes. Among the Pc family, the strongest interaction was with CBX7 and CBX8. These are the Pc proteins that show the greatest affinity for RNA 44 , but the interaction, at least between CBX7 and MOV10, appeared to be direct and resistant to RNAse treatment. We have not evaluated direct binding to other PRC1 components. Co-precipitation of MOV10 with MEL18, BMI1 and RING2 a r t i c l e s may therefore reflect participation in high-molecular weight complexes, and the gel-filtration analyses would be consistent with this idea. However, the broad elution profile of MOV10 suggests that it might participate in complexes other than PRC1, and at this point we do not know the stoichiometry of the association between MOV10 and PcG proteins.
We recently reported that multiple permutations of PRC1 complex purified from human cells each contain single representatives of the Pc, Psc, Ph and Sce families, in line with the Drosophila paradigm 6 . However, both the mammalian and Drosophila complexes appear to be considerably larger than predicted from these four subunits alone, suggesting the presence of ancillary proteins. Indeed, there are several genetically defined polycomb-related genes in Drosophila that have yet to be functionally accommodated within the mammalian PcG arena. To our knowledge, these do not include an RNA helicase. On the contrary, the fly homolog of MOV10, armitage, was originally identified in a genetic screen for effects on the silencing and localization of oskar RNA. Armitage mutations cause a failure in the silencing of stellate by endogenous RNA interference, in part because of impaired maturation of the RISC complex 34, 36 . However, the influence of armitage mutations on embryonic patterning cannot be fully explained by RNA location and turnover, and Armitage has also been implicated, along with other RNA interference-associated proteins, in repeat-associated gene silencing 50, 51 .
The intracellular distribution of Armitage has not been fully explored, but here we show that the majority of the endogenous MOV10 in human cells is nuclear, as judged by both cell fractionation and immunofluorescence, and a substantial proportion is bound to chromatin. This would agree with a recent report that found MOV10 to be associated with telomeric repeat sequences 52 . Our observations were made possible by the generation of antibodies that detect the endogenous protein rather than relying on ectopic expression of epitope-tagged protein. However, our results by no means exclude a role for MOV10 in RISC-associated events in the cytoplasm.
Notably, MOV10 has also been implicated in the replication of hepatitis δ virus, potentially by remodeling the incoming genomic RNA, but the intracellular venue for this process has not been directly addressed 46 . This system provides the best evidence thus far that MOV10 functions as an RNA:RNA helicase, but it will be important to establish whether MOV10 operates as a multifunctional helicase in several aspects of gene regulation.
The broad distribution of MOV10 in gel-filtration analyses argues against a unique association with PRC1 complexes. Similarly, although the ChIP data support a direct association of MOV10 with the INK4a/ARF locus, there was no obvious correlation with the localization of PRC1 complexes or H3K27me3. Nevertheless, shRNA-mediated knockdown of MOV10 resulted in upregulation of INK4a at both the RNA and protein level, accompanied by displacement of PRC1 components and H3K27me3 from the promoter region and first exon of INK4a. To our knowledge, this is the first evidence for the involvement of an RNA helicase in PcG-mediated events and lends further support to the idea that ncRNAs are involved in targeting PRC complexes to specific loci.
Invoking an RNA component in the regulation of INK4a/ARF and the adjacent INK4b gene is an attractive proposition and could, in part, explain the unusual evolution of the locus 5 . However, the nature and origins of this RNA remain obscure. The complicated organization of the locus, with three promoters producing overlapping primary transcripts, provides opportunities for cis interference effects. In addition, antisense transcription has been detected in several settings, notably long-range transcripts emanating from the nearby MTAP gene 53 , the ANRIL transcript that is believed to originate from bidirectional transcription from the ARF promoter 54 and antisense transcription across the INK4b promoter 55 . Moreover, complex mechanisms have been proposed for the binding of CDC6 and PcG complexes to a regulatory domain adjacent to INK4b that is dependent on antisense transcription from MTAP 56, 57 . One attractive possibility would be that outlying mutations and polymorphisms in the chromosome 9 p21.3 region that have been linked to chronic disease states and cancer predisposition affect these long ncRNAs.
The tacit assumption in these studies is that the noncoding RNA or transcription per se is acting in cis. This would be similar to the effects of noncoding RNAs at imprinted loci and intergenic transcription in the Drosophila bithorax complex, but a different scenario has been proposed for the myriad of long ncRNAs identified in mammalian cells 13, 14 . The few examples studied to date, such as HOTAIR and TUG1, appear to act in trans on distant target genes. If this applies to the regulation of INK4b-ARF-INK4a, identifying the relevant ncRNA presents a considerable challenge for the future. In virtually all of the precedents reported thus far, the ncRNA component is associated with the recruitment of the PRC2 complex rather than PRC1. Finding an RNA helicase involved specifically in PRC1-mediated events opens up new avenues for investigation as well as prompting re-evaluation of the functions of MOV10 homologs in other settings.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 
